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Abstract
The molecular response during recovery from torsion-induced stress in the testis is diverse with a variety of mechanisms. In
this study, using unilateral testicular torsion in rat as a model, we used subtractive hybridisation to identify differentially
expressed DNA sequences in the torsioned and control testes. Three genes were identified as being down regulated in the
torsioned testis compared with controls: Control Testis genes 1, 2 and 3 (CT1, CT2 and CT3). Two genes were up regulated
in the torsioned testes : Torsioned Testes genes 1 and 2 (TT1 and TT2). Differential expression was confirmed by Reverse
Northern blot analysis. An homology search revealed that CT1 had 88% homology with rat metallothionein cDNA; CT2
had 81% homology with rat cell surface antigen in MHC class I, but no homology could be found for CT3. TT1 had 92%
identity with rat Rieske iron^sulphur protein mRNA whereas TT2 had 73% identity with a human clone of unknown
function (RP 11-252D22). These results indicate that changes in gene expression occur following torsion induced stress, and
that identification of differentially expressed genes may provide insights into the mechanisms of cellular tissue damage in this
model. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Testicular torsion in humans is a serious clinical
condition that requires prompt surgical intervention.
The degree of ischaemic injury is determined by the
severity of arterial compression and the interval be-
tween the onset of symptoms and surgical interven-
tion [1]. In laboratory animals, testicular torsion has
been used to reproduce the clinical situation and to
study the biological e¡ect of ischaemia on testis and
fertility. The measured end-points include testicular
size [2], weight [3,4], histology [4,5], apoptosis [6],
semen characteristics [7,8] and general endocrine
changes [9].
The susceptibility of the mammalian testis to is-
chaemic damage is well documented. The seminifer-
ous tubule is permanently on the brink of hypoxia
[10] and transient ischaemia causes focal damage of
the seminiferous tubules. This phenomenon is also
seen in infertile men with spermatogenic arrest [11].
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It is possible, therefore, that ischaemia may be a
causative factor in some forms of male infertility
[12]. It is thought that the particular sensitivity of
the testis may relate to its inability to compensate
for localised in£ammatory episodes. The testis is an
end-artery-supplied organ constrained within a cap-
sule that is pharmacologically active and contractile
but incapable of relaxing in response to in£ammation
[10,13]. Adequate blood £ow is essential for normal
testicular function, and a decrease in testicular
weight due to seminiferous tubule damage correlates
strongly with reduction in testicular blood supply
[14]. A correlation between tubular atrophy and tes-
ticular arteriosclerosis has also been demonstrated in
human testes, again pointing to a link between is-
chaemia and testicular dysfunction [15].
Studies on protein synthesis and secretion in is-
chaemic seminiferous tubules have concluded that,
although there appears to be general decrease in pro-
tein synthesis, only a single protein, belonging to the
heat shock protein (hsp) class 70, was upregulated
abundantly after ischaemia and germ cell loss [16].
An alternative approach to examine changes occur-
ring during recovery of testis from ischaemic damage
is to characterise changes in gene expression. Exper-
imental unilateral cryptorchidism has been used with
di¡erential display by Guo et al. [17] to identify tem-
perature-related gene expression in rat testis. In their
study, expression in the control was studied, but not
in the cryptorchid testis. However, the latter was
severely damaged, so lack of expression can be at-
tributed to cell death [17]. We have used a unilateral
testicular torsion model for the study of infertility in
rats. Extensive biochemical characterisation indicates
no overall di¡erences in mitochondrial respiratory
rates between control and torsioned testes, although
morphological analysis clearly indicated signi¢cant
loss of germ cells. Additionally, analysis of the accu-
mulation of mitochondrial mutation, previously pro-
posed to play a role in infertility [18] indicated no
changes. To extend these studies we have used cDNA
subtraction to characterise di¡erences in gene expres-
sion between control and torsioned testes. However,
we used a period of torsion that induced low to
moderate damage, as assessed by Johnsen scoring
[19], as this is more likely to re£ect the in vivo sit-
uation.
2. Materials and methods
2.1. Animals
Nine 11-week-old male Wistar rats were used in
this experiment, placed into three equal groups.
The control or torsioned testes in each group were
pooled to prepare total RNA. Samples were pooled
to obtained su⁄cient RNA for subtractive hybridisa-
tion and to eliminate variability between individual
animals. The experiment was conducted in accor-
dance with the guidelines set by the Animal Ethics
Committee, University of Western Australia, for the
care and use of experimental animals.
2.2. Surgical procedures
Surgical torsion was carried out as described by
Turner [4] with modi¢cations. After induction with
ketamine (8 mg/kg) and xylazine (10 mg/kg), anaes-
thesia was maintained using inhaled 0.5% halothane
in air. For each animal, the left testis was brought
outside the body through a low midline laparotomy.
The gubernaculum was then severed to allow e⁄cient
torsion. The two parts of the gubernaculum were
tethered loosely by a 2-0 absorbable suture. The tes-
tis was then rotated through 360‡, and left on top of
the incision region, covered with a sterile gauze pad
kept moist with normal saline, while the rat was kept
under continuous anaesthesia. The testis was re-
trieved after 60 min and its colour was checked to
ensure that torsion had been maintained. The testis
was then counter rotated to the natural position, the
stumps of gubernaculum were drawn together using
the pre-placed suture and the testis was replaced in
the scrotum. The incision was closed using Michel
sutures. The animals were left to recover for three
days, after which they were anaesthetised, the testes
removed and the animals euthanised using an intra-
cardiac barbiturate overdose injection (0.3 ml Leth-
abarb: Virbac, Sydney, Australia).
2.3. Assessment of testicular damage
Representative pieces of testis were ¢xed in
Bouin’s ¢xative, dehydrated in a series of alcohol
solutions, in¢ltrated with toluene and ¢nally vacuum
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embedded in para⁄n wax. Blocks were trimmed, and
4-Wm thick sections were stained with haematoxylin
and eosin. Testicular biopsy score counts were per-
formed on these sections according to Johnsen [19].
Seminiferous tubules were evaluated and each given
a score from 1 to 10 according to Table 1.
2.4. RNA isolation and mRNA puri¢cation
RNAzol (GeneWorks, Adelaide, Australia) was
used to isolate total RNA from 1 g of fresh testicular
tissue. The tissue was homogenised in a sterile test
tube using a Hiedolph homogeniser (Heidolph,
Schwabach, Germany) in 20 ml of RNAzol. Extrac-
tion and centrifugation steps were carried out ac-
cording to the manufacturer’s instructions. mRNA
was puri¢ed from 1 mg of total RNA using oli-
go(dT)-cellulose columns by standard protocols.
The concentrations of total RNA and mRNA were
estimated using a spectrophotometer at 260 nm
wavelength, and the purity of RNA was determined
by calculating the ratio of absorbance at 260/280 nm
[20].
2.5. Subtraction by hybridisation
Subtractive hybridisation was carried out using a
Clontech kit (Progen Industries, Richlands, Austra-
lia). Two approaches were used. In the ¢rst, comple-
mentary DNA (cDNA) from the torsioned testes was
used as the tester (the tester is the population that
supposedly contained di¡erentially expressed sequen-
ces), whereas cDNA from the control testes was used
as the driver (the driver is the population that is used
to subtract sequences expressed equally by both pop-
ulations). In the second approach, cDNA from the
control testes was used as the tester and cDNA from
the torsioned testes was used as the driver.
2.6. Preparation of digoxigenin (Dig)-labelled cDNA
An oligo-p(dT)15 primer was used to synthesise
single-strand labelled cDNA. Transcription reagents
and AMV reverse transcriptase were supplied in a
¢rst-strand cDNA synthesis kit, with Dig-11-dUTP
(Roche, Sydney, Australia). The labelling reaction
was carried out according to the manufacturer’s rec-
ommendations. Serial dilutions from each labelled
cDNA (control and torsion) were blotted onto a
membrane, immuno-detected with an alkaline phos-
phatase-conjugated anti-digoxigenin antibody and
then visualised with the chemiluminescent substrate
CDP-star (Roche, Sydney, Australia). The intensity
of the bands was quanti¢ed using ImageQuant soft-
ware (Molecular Dynamics, Kew East, Victoria,
Australia).
2.7. Cloning and DNA sequencing
cDNAs isolated by subtraction were cloned into a
pCR2.1 vector using the TA cloning system (Invitro-
gen: GeneWorks), according to the manufacturer’s
instructions. Plasmids with inserts were prepared
and sequenced using the ABI 310 Genetic Analyser
(ABI; Perkin Elmer, Norwalk, CT). The sequences
were searched for homologous genes using GenBank
databases (http://www.angis.su.oz.au/).
2.8. Reverse Northern blot analysis
This was carried out to verify the subtractive hy-
bridisation results and to eliminate any possibility of
Table 1
Description of the testicular biopsy score count used to assess
the progress of spermatogenesis in testicular tubules
Score Description
10 Complete spermatogenesis with many mature and
shed spermatozoa present. The germinal epithelium is
organised normally and an open lumen is evident
9 Many shed spermatozoa are present but the germinal
epithelium is disorganised with marked sloughing
8 Few spermatozoa (6 5^10 per tubule cross-section)
are present but many round and elongated
spermatids are evident
7 No spermatozoa are present but many round and
elongated spermatids are evident
6 Few spermatids (6 5^10 per tubule cross-section) are
present but many spermatocytes are evident
5 Many spermatocytes are present, but there are no
spermatids or spermatozoa
4 Few spermatocytes (6 5^10 per tubule cross-section)
are present but there are no spermatids or
spermatozoa
3 Spermatogonia are the only germ cells present
2 Only Sertoli cells are present
1 No cells are evident in the tubule
Each tubule assessed was given a score between 1 and 10.
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false positives. Aliquots of 200 ng of each cDNA-
containing plasmid was cut using EcoRI (Roche) to
release the cDNA clone and to remove any back-
ground that might have been caused by the plasmid
sequence during hybridisation. The cut plasmids
were run on a 1% (w/v) agarose gel, denatured using
denaturation bu¡er (0.5 M NaOH and 1.5 M NaCl)
and immobilised onto a nylon membrane (Roche).
The DNA was ¢xed by incubating the membrane
in an oven preheated to 120‡C for 30 min. The mem-
branes were hybridised overnight with Dig-labelled
total cDNA at 4‡C in Dig Easy Hyb Granules solu-
tion (Roche). After washing, the membranes were
immuno-detected with an alkaline phosphatase-con-
jugated Anti-digoxigenin antibody and then visual-
ised with the chemiluminescent substrate CDP-star
(Roche), scanned using a luminescent image analyser
(Las 1000: Fuji, Tokyo, Japan) and the intensity of
the bands was quanti¢ed using ImageQuant software
(Molecular Dynamics).
3. Results
3.1. Histology
The surgical procedure carried out was e¡ective in
inducing the required level of testicular damage as
evidenced by morphological examination (Fig. 1).
The control testes were not damaged in the proce-
dure, as demonstrated by a high Johnsen score of
9.8 þ 0.6. In contrast, the score for the torsioned
testes after 3 days of recovery was 7.3 þ 1.4 based
on counting ten tubules for each sample. This rela-
tively high score indicates that at this stage of recov-
ery, destruction of spermatogenic complement is only
partial and only spermatozoa and some of the sper-
matids have disappeared. This point is important, as
if this model is to be used to further understand
human male infertility the degree of damage should
re£ect that observed in most clinical situations. Pri-
mary testicular disease is the most common cause of
male infertility in which patients present with late
spermatogenic arrest or tubular atrophy [11].
3.2. Subtractive hybridisation
Subtractive hybridisation was performed using
mRNA isolated from total testicular tissue. The con-
trol and experimental RNAs were isolated from the
same rats, puri¢ed and quanti¢ed at the same time,
using the same reagents and instruments. Using for-
ward and reverse subtractive hybridisation with the
torsioned testes used in the ¢rst run as the driver and
in the second as the tester, we were able to identify
¢ve di¡erentially expressed cDNAs. Three transcripts
were identi¢ed that were expressed higher in the con-
trol compared with the experimental testes. These
Fig. 1. Photomicrographs of testes from one of the experimental rats (haematoxylin and eosin staining). (A) Seminiferous tubules
showing normal spermatogenesis, exhibiting all stages of spermatogenic cells including abundant spermatozoa (Sp) from a section ob-
tained from a control testis. (B) Moderately damaged tubule from a section obtained from a torsioned testis following 3 days recov-
ery. Note the disappearance of spermatozoa (Sp) and some of the spermatids (St). The rest of the spermatogenic complement are still
obvious; spermatocytes (Sc) and spermatogonia (Sg). Sertoli cells (Se), Leydig cells (L), interstitial space (IS). Scale bars represent
50 mm.
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were designated control testis 1, 2 and 3 (CT1 = 400
bp, CT2 = 300 bp and CT3 = 350 bp). Two tran-
scripts were identi¢ed as being elevated in the tor-
sioned testes, and were designated torsioned testis 1
and 2 (TT1 = 550 bp and TT2 = 600 bp).
3.3. Reverse Northern blotting
To verify that the above transcripts were di¡eren-
tially expressed, the cDNAs were cloned into a
pCR2.1 plasmid. An aliquot of 200 ng of each plas-
mid was cut using EcoRI (Roche) to release the in-
sert. This was divided into two equal portions for
electrophoresis on agarose gels (Fig. 2A). The
DNA was blotted and immobilised onto nylon mem-
branes. One membrane was probed with Dig-labelled
cDNA programmed with mRNA isolated from the
control testis (Fig. 2B) the other with cDNA pro-
grammed with mRNA isolated from torsioned testes
(Fig. 2C). Both probes were prepared at the same
time, using the same reagents and quantities of
mRNA. The Dig-labelled cDNA represents the
abundance of each mRNA in the tissue at the time
of harvest. No ampli¢cation by PCR was used in the
labelling and therefore the sample accurately repre-
sented the actual mRNA population, except for var-
iations in the e⁄ciency of the reverse transcriptase
step between di¡erent messages. Triplicate experi-
ments were carried out to test any variability in the
reverse transcriptase step, noting that the RNA was
isolated from a di¡erent set of animals each time.
The results indicated that CT1, CT2 and CT3 were
expressed at higher levels in control testis compared
with experimental (Fig. 2B): twofold for CT1 and
CT2 and greater than ¢vefold for CT3 (Fig. 3). By
contrast, TT1 and TT2 were expressed greater than
twofold higher in experimental compared with con-
trol tissues (Fig. 2C and Fig. 3). The results of the
di¡erences in band intensity for each di¡erentially
expressed cDNA using the two di¡erent probes are
Fig. 2. Reverse Northern analysis of the di¡erentially expressed fragments CT1, 2, and 3 (lanes 1^3) and TT1 and 2 (lanes 4 and 5).
The fragments were released from the plasmid (pCR2.1) using EcoRI. Each cut plasmid was divided into two halves electrophoresed
on agarose gel, immobilized on a membrane, the membrane divided into two mirror image halves and subsequently hybridized to
Dig-labeled cDNA. (A) The agarose gel showing two equal bands for each fragment with a 100 bp ladder molecular weight marker in
lane 6. Each half was transferred onto a nylon membrane. (B) One of the two membranes probed with labeled cDNA derived from
control testes. (C) The other membrane probed with labeled cDNA derived from torsioned testes. Lanes 1^3 correspond to fragments
down regulated by torsioned/detorsioned testes and lanes 4 and 5 correspond to di¡erentially expressed fragments by torsioned/detor-
sioned testes.
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depicted graphically in Fig. 3. Each band showed a
signi¢cant statistical di¡erence in intensity (t-test:
P6 0.05) when probed using the torsioned testes
cDNA compared with probing using the control
testes cDNA.
3.4. Sequence analysis
The cDNA inserts that were con¢rmed to be dif-
ferentially expressed were sequenced to identify the
genes (GenBank databases: http://www.angis.su.
oz.au/). Four of the inserts (TT1, TT2, CT1 and
CT2) could be identi¢ed from their high homology
with human or rat sequences. CT1 had 88% homol-
ogy with rat metallothionein cDNA; CT2 had 81%
homology with rat cell surface antigen in MHC class
I. TT1 had 92% identity with rat Rieske iron^sulphur
protein mRNA whereas TT2 had 73% identity with a
human clone of unknown function (RP 11-252D22).
No match was found for CT3 (Table 2). Thus, three
of the genes that are di¡erentially expressed represent
isoforms of genes with de¢ned functions previously
identi¢ed in rat or human tissues [21^23].
4. Discussion
It has been estimated that the male partner
presents as a major cause of conception failure in
about 25% of all infertile couples [24,25]. Male in-
fertility is a contributing element in as many as 46%
of couples attending an infertility clinic [26].
Although many causative factors have been pro-
posed, the basis of male infertility is poorly under-
stood. The seminiferous tubules are on the brink of
hypoxia [10] and the sensitivity of the testis to ischae-
mic damage is well documented. Several lines of in-
vestigation, including morphometric [2,4,5] and bio-
chemical studies [27], have been carried out in e¡orts
to devise early diagnostic procedures and to develop
possible treatments. In this study, we attempted to
elucidate the di¡erences in gene expression between
normal and compromised testes, using the rat as an
experimental model. Using torsion induced damage,
in which the extent of injury could be controlled by
the degree and time of torsion, we were able to in-
duce damage to testicular tissue as determined by the
spermatogenic index (Johnsen scoring: [19]). We then
Fig. 3. Torsion/detorsion-induced changes in gene expression in
rat testes. The change in transcript level in each sequence in
torsioned/detorsioned testes was measured by reverse Northern
blot analysis, compared with transcript levels in control testes
in the same rats (mean þ S.D.; n = 3). Changes are signi¢cant
(P6 0.05 unpaired t-test).
Table 2
Clones representing di¡erentially regulated transcripts and their sequence homologies from the database search
Clone Insert size
(bp)
Sequence sizea
(bp)
Homology Percent identity
TT1 550 500 Rat Rieske iron^sulphur protein mRNA (AC: M24542)b 92
TT2 600 360 Homo sapiens clone RP 11-252D22 (AC: AC008169) 73
CT1 400 184 Rattus norvegicus metallothionein cDNA (AC: M24327) 88
CT2 300 193 Rattus norvegicus MHC class I RT1.Aa alpha-chain
precurser mRNA (AC: M31018)
81
CT3 350 183 No match Not available
aRefers to sequence used to search GenBank.
bAC is GenBank accession number.
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examined the changes in gene expression between
torsioned and control testes, to identify some of the
underlying molecular events associated with this
form of stress. The degree and time of torsion was
selected from previous studies that optimised these
parameters as assessed by histological and various
biochemical parameters. We chose a protocol that
induced moderate damage relevant to clinical situa-
tions [28].
Subtractive DNA hybridisation was used to iden-
tify di¡erentially expressed genes. This has the ad-
vantage of requiring small amounts of tissue. More
importantly, the tissues are analysed before DNA
ampli¢cation, and this should prevent any artefacts
arising from the selective ampli¢cation of particular
mRNA species. Additionally, the method involves
two individual subtraction steps so mRNA molecules
will only be ampli¢ed if they are not present in equiv-
alent amounts in both of the steps. Finally, the prod-
ucts obtained from this subtraction technique can be
readily cloned into a vector for veri¢cation of di¡er-
ential screening and for sequencing.
When we carried out this procedure, we produced
several colonies, of which 25 were further examined.
These colonies were replica-plated and probed with
cDNA programmed from mRNA from normal and
torsioned testes, respectively. From visual examina-
tion of the signals obtained ¢ve were further ana-
lysed, three that were expressed more in control
testes and two that were elevated in torsioned testes
compared with controls. The di¡erence in expression
was veri¢ed by reverse Northern analysis, where the
cDNA inserts of these clones were probed with
mRNA programmed from the di¡erent tissues. It
was evident that the expression of these genes range
from a two- to ¢vefold di¡erence, depending on the
gene concerned, and the di¡erences in gene expres-
sion were found reproducible and signi¢cant.
Two of the genes found to be expressed higher in
control testes compared with torsioned were identi-
¢ed as having high homologies with sequences in
GenBank. They represent a metallothionein and a
MHC class I gene. Genes in both these families
have been previously associated with expression in
testicular tissues. A testis-speci¢c metallothionein-
like protein, termed Tesmin, exists in the mouse,
and its expression is lacking in adult W/Wv sterile
mice that harbour the c-kit mutation [29]. Likewise,
the expression of MHC class I genes is documented
in the testis [30]. The identi¢cation of these genes in
our assay is thus consistent with previously published
reports on their expression in testis [29,30]. In rela-
tion to ischaemic damage [31,32] this observation
gives a good indication that our procedure, which
is a¡ecting genes previously reported to be expressed
in testis, is accurately mimicking damage in the tor-
sioned testis.
Only one of the other three genes that was ob-
tained in this study was identi¢ed as being elevated
in the torsioned testis, namely the Rieske FeS protein
of the cytochrome bc1 complex of the mitochondrial
respiratory chain. Mitochondria consume about 90%
of total oxygen, and are a continuous source of oxy-
gen radicals [33], so it is understandable that the
expression of some mitochondrial genes would be
a¡ected by ischaemia. As this gene was elevated in
torsioned tissue, it may be a response to reperfusion
damage in the recovery phase. One of the other two
genes that di¡er in expression does not have homo-
logues in GenBank and the other has 73% homology
to a gene of unknown function. It is likely they will
be identi¢ed and their function determined in the
near future with the completion of the human ge-
nome project.
In this study we have demonstrated that cDNA
subtraction can be used to identify di¡erences in
gene expression between torsioned and control testes.
As the genes that could be identi¢ed have been pre-
viously implicated in stress responses in the testis, it
is likely that the novel genes identi¢ed will lead to
new insights or provide probes to further study male
infertility and the underlying molecular mechanisms.
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